Our research group has recently found excellent shape-memory response in ''thiol-epoxy'' thermosets obtained with click-chemistry. In this study, we use their well-designed, homogeneous and tailorable network structures to investigate parameters for better control of the shape-recovery process. We present a new methodology to analyse the shape-recovery process, enabling easy and efficient comparison of shape-memory experiments on the programming conditions. Shape-memory experiments at different programming conditions have been carried out to that end. Additionally, the programming process has been extensively analysed in uniaxial tensile experiments at different shape-memory testing temperatures. The results showed that the shape-memory response for a specific operational design can be optimized by choosing the correct programming conditions and accurately designing the network structure. When programming at a high temperature (T ) T g ), under high network mobility conditions, high shape-recovery ratios and homogeneous shape-recovery processes are obtained for the network structure and the programmed strain level (e D ). However, considerably lower stress and strain levels can be achieved. Meanwhile, when programming at temperatures lower than T g , considerably higher stress and strain levels are attained but under low network mobility conditions. The shape-recovery process heavily depends on both the network structure and e D . Network relaxation occurs during the loading stage, resulting in a noticeable decrease in the shape-recovery rate as e D increases. Moreover, at a certain level of strain, permanent and non-recoverable deformations may occur, impeding the completion and modifying the whole path of the shaperecovery process.
Introduction
Shape-memory polymers (SMPs) enclose materials capable of storing large strain energy upon external programming (in the form of a temporary-shape), and recovering the original (or releasing the energy stored as mechanical work [1] [2] [3] [4] [5] [6] [7] ) upon external stimulus (i.e. heat, magnetic field or light) [8] [9] [10] [11] [12] . The increasing demand for shape-memory materials for aerospace, structural applications, electronic devices and biomechanical applications (i.e. artificial muscles) has recently redirected the focus to the development of materials with large recoverable deformation limits, high levels of strength, the ability to perform mechanical work (work output) and high resistance to aggressive environments. The easy processing and tailorability of the thermoset-based SMPs make them suitable materials for demanding applications. Specifically, epoxy-based systems are very important not only because of the excellent thermal, chemical and mechanical resistance of the epoxy resin, but mostly because of the great shapememory capabilities: high stress and strain levels are achieved by properly varying the network structure and accurately choosing the shape-memory programming conditions. Moreover, excellent shapefixation and shape-recovery performance is achieved by the drastic entropic change that takes place during the glass transition process of these thermosets [13] .
In our previous work [14, 15] , we developed SMPs based on ''click'' thiol-epoxy thermosets, and found a promising response for demanding applications (i.e. complex actuators or bio-inspired artificial movements). These materials showed enhanced stress levels in comparison with other epoxy-based SMPs [16] as well as high strain levels. Moreover, it was possible to produce materials with homogeneous network relaxation dynamics, leading to very good shape-memory response. ''Click'' chemistry is a curing methodology based on the efficiency, versatility and selectivity of the reactions [17] . The thiol-epoxy ''click'' mechanism is interesting due to the formation of hydroxyl and thioether groups in a single step, which can be further transformed into other polymeric materials [18, 19] . Tertiary amines are commonly used as base catalysts in thiol-epoxy formulations, but their high reactivity makes it difficult to control the reaction. Recently, the use of encapsulated latent imidazoles has been shown to significantly enhance the stability of the uncured mixture [20, 21] . Upon heating, the catalyst is released and the reaction occurs rapidly, resulting in homogeneous and well-defined network structures. This enhances the mechanical properties (strength and deformability) of the shape-memory materials developed [22] .
An important issue for the effective application of SMPs is to define suitable operational conditions in order to have a safe and reproducible control of the shape-recovery process. The shape-recovery and -fixation ratios (R r and R f ) and the shape-recovery rate (V r ) are commonly used parameters for assessment of the shape-memory response. However, the information they provide on the dynamics of the shape-recovery process is limited. In certain applications, such as opening mechanisms for security systems, fast recovery is required once the shape-recovery process is triggered in order to avoid initial and compromising damage to the device, rather than a high R r at the end. Other applications such as artificial muscles require a high R r , but control of the whole shape-recovery process is also necessary to properly define the artificial movements. Nevertheless, detailed modelling of the mechanical behaviour of polymers requires time-consuming procedures to give relatively accurate and convincing results that, in addition, are limited to certain experimental conditions [9, [23] [24] [25] . More efforts are therefore necessary in order to find methodologies that can easily produce relevant parameters and relationships useful for the specific control of the shape-recovery process.
In this study, we take advantage of the well-defined and tailorable network structures of the thiolepoxy SMPs, in order to produce materials with different crosslinking densities and network hindrances. Thiol curing agents and epoxy resin monomers with different structures and functionalities were used. In order to investigate the potential capabilities of these shape-memory materials, the study has been divided into an initial analysis of the programming process by uniaxial tensile experiments at room temperature (the temperature at which the temporary-shape is fixed) and at different programming temperatures, followed by the study of the shape-recovery process. The generic ratios R r , R f and V r have been determined and related with stress-strain behaviour under different programming conditions. A new, simple and efficient methodology to analyse the shape-recovery process has also been presented. This methodology is based on a series of mathematical transformations of the original data, enabling comparison and analysis of experiments on various materials in terms of the programming conditions. Shape-memory experiments at different programming temperatures and programming strain levels have been carried out and analysed to that end. A more complete understanding of the role of the network structure and programming conditions in the control of the shapememory response is anticipated, enabling accurate predictions of generic parameters such as R r , R f and V r as well as extensive control of the shape-recovery process. Furthermore, we aim to analyse optimal programming conditions for these promising thiolepoxy materials in order to strengthen their shapememory capabilities and broaden their range of application.
Experimental section Materials
A commercial epoxy resin, Diglycidyl ether of bisphenol A (DGEBA, GY240, Huntsman, Everberg, Belgium), with a molecular weight per epoxy equivalent unit of 182 g/equiv. was used as the main epoxy resin. Pentaerythritol tetrakis(3-mercaptopropionate) (4thiol), with a molecular weight per thiol equivalent unit of 122.17 g/equiv. and trimethylolpropane tris(3-mercaptopropionate) (3thiol), with a molecular weight per thiol equivalent unit of 132.85 g/equiv. were used separately as curing agents. In addition, a tris(2,3 epoxypropyl)isocianurate (iso), with a molecular weight per epoxy equivalent unit of 99.09 g/equiv. was used as a modifier in a 30 wt% proportion with respect to the total epoxy content (30:70 wt% ISO:DGEBA). The epoxy:thiol equivalent ratio was stoichiometric (1:1). The 3thiol, 4thiol and iso were purchased from Sigma-Aldrich, St. Louis, MO, USA). An encapsulated imidazole, 1-methylimidazole (LC80, AC Catalysts), was used as a latent initiator at 0.5 parts of catalyst per one hundred parts of epoxy resin (phr).
The formulations were prepared by manually stirring the components in a glass vial and carefully pouring the mixtures into an open Teflon mould. The curing process was carried out in an oven, at 120°C for 1 h, followed by 1 h at 150°C to allow the completion of the process. Scheme 1 shows the expected network structure after polymerization in mixtures containing iso and 3thiol (the structure using 4thiol would lead to a new chain growing from the fourth arm and the lack of iso in the mixture would be replaced by DGEBA bodies). The crosslinking points and the presence of hydroxyl groups have been highlighted. The composition of the different formulations of study is shown in Table 1 .
Thermo-mechanical properties
The network structure and thermo-mechanical properties of the different materials were studied by dynamic mechanical thermal analysis using a DMA Q800 (TA instrument, New Castle, DE, USA) equipped with a Single-Cantilever (10 mm) clamp. The samples were thoroughly polished to a prismatic rectangular shape (&20 9 7.5 9 1.5 mm 3 ) and were analysed at 1 Hz with an oscillation amplitude of Scheme 1 Expected network structure of the 3thiol-DGEBA-LC80 modified with the iso component.
10 lm at a heating rate of 3°C/min. The T g was determined by the peak of the tand curve, and the glassy modulus (E g ) and the rubbery modulus (E r ) were determined directly from the storage modulus curve (E). The T g E' was determined as the onset point of the drop in modulus. The width of the tand curve at half-height (FWHM) and the tand peak were also determined. The network strand density (v e ) in mol/kg was determined following a modification of the ideal theory of elasticity for elastomeric polymers at low strain rates shown in Eq. (1), defined by the Eq. (2), which takes into account the deviations due to the fluctuations of the functionality of the crosslinking points [26] [27] [28] [29] [30] .
where R is the universal gas constant, T is the temperature at which E r is determined and n f is the density of crosslinks with functionality f.
Shape-memory: thermo-mechanical programming characterization
The uniaxial tensile experiments were carried out at the different testing temperatures. The DMA Q800 equipped with a Tension-Film clamp was used to perform the experiments at T g E' , T g and T g ? 20 at a controlled-force rate of 3 N/min. Due to the force limitations of the DMA, an electromechanical universal testing machine (Hounsfield H 10 k-S) with specially designed grips was used to perform the experiments at T room . For the DMA experiments, the samples were thoroughly polished until a dog-bone shape of 15 9 1.4 9 0.5 mm 3 (length 9 width 9 thickness) was obtained. For the experiments at room temperature, the size of the specimens was adapted from ASTMD638 requirements, adopting a Type IV dog-bone shape. All the experiments were performed at a crosshead speed of 1 mm/min. From the r-e curves, the stress and strain at break values (r b and e b respectively) were determined as the failure point of the curves, and the mean value of at least three different samples was reported. The tensile elastic modulus (E t ) was determined as the slope of the curve at the initial and proportional part of the curve.
Shape-memory: response
The shape-memory response was analysed using the DMA Q800 equipped with a Tension-Film clamp in the controlled-force mode. The experiments were carried out as explained in our previous study [14] : first, the sample was heated up to the programming temperature (in accordance with the mechanical analysis, different T prog were chosen: T g E' , T g and
. After 5 min of temperature stabilization, the sample was loaded at 3 N/min using a controlled-force ramp until a strain level e D equal to 75 % of e b was reached (some additional experiments were carried out at e D = 15, 30 and 50 % of e b when specified). At this point, the sample was rapidly cooled down to T room while maintaining the force applied (the holding time at T prog has been reduced to ''0'' in order to avoid creep processes affecting the shapememory response [31] ). The sample was then unloaded at the same force rate (3 N/min) and the temporary-shape was fixed. Afterwards, a temperature ramp of 3°C/min was imposed until the shape-recovery was completed. All the experiments were repeated three times to ensure reproducible results, and the mean value has been presented. The shape-fixation and shape-recovery ratios were quantified using common expressions; see Eqs. (3) and (4) .
where R f is the shape-fixation ratio, R r is the shaperecovery ratio, e D is the programmed strain level (defined as a % of the strain at break, e b ), e U is the remaining strain after unloading and e P is the permanent strain after the shape-recovery process takes place. It must be acknowledged that the time after programming and before the recovery-process begins is not taken into account. During this period of time, shape-recovery may take place slowly depending on the programming conditions [32] . In the present study, the temperature ramp begins just after unloading, and there is indeed some time elapsed during heating before the recovery starts, but this time depends on the T g of the material and would be also affected by the temperature increase. Therefore, in this study, we have chosen to overestimate the shape-recovery ratio using Eq. (4), taking into consideration the overall process from e D to e P . The shape-recovery rate (V r ) was quantified from 15 to 85 % of the shape-recovery process as a measure of the average shape-recovery speed; see Eq. (5).
where SR refers to the shape-recovery curve normalized to e U. D % SR is the chosen shape-recovery range (in this case it is from 15 to 85 %, that is, 70 %), and Dt D%SR is the time elapsed from 15 to 85 % of SR.
In order to analyse and compare the shape-recovery process in different formulations and experiments, the shape-recovery curves have been differentiated and normalized as illustrated in Fig. 1 . These transformations allow us to properly compare different formulations in terms of the programming conditions. In Fig. 1b , SR is the normalized shaperecovery curve (0 means no recovery, 1 means that the shape-recovery is completed). The curves were normalized to their e P , and thus 1 does not mean fullrecovery of the original shape but the completion of the shape-recovery process. In Fig. 1c , the shape-recovery speed is defined as qSR/qT (%/°C) as a measure of the instantaneous recovery rate [33] .
Results and discussion

Thermo-mechanical properties
The results of the thermo-dynamo-mechanical analysis are shown in Fig. 2 and the parameters of interest are listed in Table 2 .
The results of the dynamic mechanical thermal analysis were thoroughly discussed in our previous work [14] . By using curing agents with a different functionality but a similar structure (3thiol and 4thiol) and the mixture of rigid epoxy resins of different functionality and structure (DGEBA and iso), it was possible to obtain materials with a homogeneous and tailorable network structure (T g values ranging from 44.1 to 75.4°C and rubbery modulus ranging from 6.7 to 17.0 MPa), as well as a narrow and steep relaxation process (low values of FWHM and high values of tand peak). The increased functionality in Figure 1 Illustration of the mathematical transformation of the shape-recovery curves. ''qSR/qT'' is the derivative of the shape-recovery process over the temperature. the system leads to a higher crosslinking density and to the formation of more hindered network structures. Systems containing 4thiol instead of 3thiol therefore showed higher T g and crosslinking density values (see T g and v e in Table 2 ). On the other hand, introducing the isocyanurate in the system increases the functionality, as well as incorporates different types of crosslinking points. The increase in the functionality leads as expected to higher values of T g and crosslinking density, but the presence of crosslinks of different masses, sizes and rigidities leads to some incompatibilities when the amount of iso is too high ([30 %). This phenomenon is more relevant in the case of the 3thiol systems, probably as a result of the presence of an ethyl side chain in the 3thiol structure, which leads to a more heterogeneous and less packed network structure.
Shape-memory characterization
The data obtained from the uniaxial tensile experiments (r-e curves) at the different shape-memory testing temperatures are shown in Fig. 3 : at room temperature T room (the temperature at which the Figure 3 Stress-strain curves for the different formulations of study at the shape-memory testing temperatures; a at room temperature;
; c at T g ; d at T g ? 20.
temporary-shape is fixed), at T g E' , T g and at T g ? 20
(the programming temperatures). The stress and strain at break values achieved are summarized in Table 3 . For comparison purposes, the shape-recovery ratios, R r , of the shape-memory experiments carried out at the corresponding programming temperatures and up to e D = 75 % are also shown in Table 3 . First of all, as explained in our previous work [14] , the optimal mechanical point was found at T g E ', in which both the stress and strain at break values were enhanced, a physical effect called viscoelastic toughening [34, 35] . Moreover, the values obtained are higher than those reported by other authors with epoxy-based systems, especially for the stress at break (up to 55 MPa on the 3thiol-NEAT formulation with 95 % of e b at T g E' ) [36, 37] . On analysing the r-e curves in Fig. 3a , all the formulations were in the glassy state, so that the r-e response was similar and only the 3thiol-NEAT formulation differed. The tensile elastic modulus, E t , is high in all the formulations (around 1 GPa) but the 3thiol-NEAT formulation shows higher ductility (up to 55.5 % of strain at break). This is probably caused by the lower T g -T room difference and crosslinking density, which enhances the dynamics of the network structure. In terms of shape-memory response, the high elastic modulus and lower ductility of almost all the formulations at room temperature (greater resistance to stretching and hindered mobility of the chains) lead to high shape-fixation (R f values were almost 100 %) and show that the material is able to maintain the temporary-shape for long periods of time, a useful characteristic for storage purposes, even under constant load (i.e. in certain applications such as security valves, where the temporary-shape is constantly subjected to a pressure until the shape-recovery is triggered).
On analysing the r-e curves at the optimal mechanical point, T g E' (see Fig. 3b ), the stress and strain at break values are higher in the case of the 3thiol systems (up to 55 MPa and 95 % respectively). The lower crosslinking density and enhanced mobility of the network chains in the 3thiol systems greatly improve the stress and strain at break values. However, from the change in slope at the beginning of these r-e curves, it can be deduced that stress relaxation occurs during this deformation process, because the characteristic relaxation time of the network structure is within and comparable to the time scale of the experiment. Consequently, significant energy losses take place due to viscous friction by network relaxation. Moreover, a strain hardening process is clearly observed at high strain levels in all the formulations studied (mostly in the 3thiol formulations), which may be indicative of damage in the material and a cause of permanent deformation in the network structure after programming the temporaryshape. By contrast, on increasing the temperature to T g ? 20 (see Fig. 3d ), the network structure relaxation times are highly reduced, and the chains are thus able to quickly reach a stable equilibrium conformational state during loading, with little friction losses. As can be seen in Table 3 , the shape-recovery ratio, R r , in free shape-recovery experiments of samples programmed at e D = 75 % considerably decreases when T prog decreases from above to below the T g (i.e. for 3thiol-30 %iso, R r falls from 97.6 % at T g ? 20 to 82.9 % at T g E' , and the same trend is apparent in all the formulations). This could be related to permanent Standard deviation of ±0.2 on the stress and strain at break values, ±30 MPa on the elastic modulus at T room ±1 % on the R r deformation and network damage produced during the loading process at such high deformation levels (higher than the strain at break in the relaxed state), taking place at the same time as the strain hardening that is observed at higher strain levels (see Fig. 3b ). In contrast, in those samples programmed at T g ? 20, the network structure was already relaxed and therefore under equilibrium conditions during the loading process, leading to no energy losses. The lower strain levels achieved (no strain hardening observed, see Fig. 3d ) might have also prevented permanent deformation. In order to clarify the role of T prog and strain level on the shape-recovery performance, shape-memory experiments were carried out at T g E' , at the same loading rate (1 N/min), but at different programming strain levels (e D = 15, 30 and 50 %). The thermo-mechanical cycles for all the experiments performed are presented in Fig. 4 in combined stresstime and strain-time graphs. In Fig. 5 , the thermomechanical cycles performed at e D = 75 % and different T prog are also represented in combined stresstime and strain-time graphs. The shape-recovery ratios, R r , and shape-recovery rates, V r , obtained are presented in Table 4 (the results obtained at e D = 75 % have been also included for comparison purposes) and are shown in Fig. 6 . As it can be seen, R r is highly enhanced at low strain levels (almost constant and nearly 100 %) while it suddenly decreases at a certain strain level in all the formulations studied. This means that the energy lost due to viscous friction during network relaxation plays a minor role in terms of maximum recoverable strain (R r ), and therefore the lower recovery ratio R r is probably caused by the damaging processes and permanent deformation taking place during the loading process. The shape-recovery rate V r of the samples programmed at T g E' also follows a decreasing trend as e D increases, but this can be interpreted in terms of the network relaxation dynamics during the programming at different e D , resulting in materials with different states of network relaxation. In terms of strain recovery velocity, the velocity is higher with increasing strain, but the time required is longer; Figure 4 Thermo-mechanical cycles for all the formulations of study programmed at T g E' and at different strain levels (e D = 15, 30 and 50 %).
hence the decrease in the relative recovery rate V r . The presence of isocyanurate in the network structure tends to decrease R r and the recovery rate V r of samples programmed at T g E' , in comparison with the neat formulations, at any e D , but especially at e D = 50 % and above. This may be due to the presence of isocyanurate, leading to heterogeneities in the network structure resulting in earlier non-recoverable deformations during the loading stage. In addition, experiments at different e D were carried out at T g ? 20 and these confirmed that the R r obtained were almost 100 % because the strain levels were moderate and there was therefore no damage in the network structure. Likewise, the relative recovery rate V r regarding e D remained almost constant. As explained above, at this temperature, the chains are able to reach a stable configuration during the loading stage, and similar states of network relaxation are therefore eventually achieved.
As explained in the introduction, generic parameters as the shape-recovery ratio or the shape-recovery rate are not sufficient to design shape-memory materials for smart applications in which full control of the shape-recovery process is of high relevance. For this purpose, the shape-recovery process is analysed by means of the mathematical transformations of the original shape-recovery curves (as illustrated in Fig. 1 ), which enables comparison of experiments in terms of the programming conditions and formulations of study. First of all, the effect of T prog at the same programmed strain level (e D = 75 %) is shown in Fig. 7 for all the formulations of study.
Characteristic bell-shaped curves are obtained in all cases, similar to that of the network relaxation process, but some relevant differences between the different formulations are found. The materials behave in a similar way when programming at T g ? 20. At this temperature, the chains easily reach equilibrium during the loading stage, leading to a Figure 7 Mathematical transformation of the shape-recovery curves (%/°C) for all the formulations of study at the different programming temperatures and fixed strain levels (e D = 75 %). Figure 6 Shape-recovery ratio (R r ) and shape-recovery rate (V r ) for all the formulations of study programmed at T g E' and at different strain levels.
more stable stretched network architecture as explained above. In consequence, the differences due to the network structure during the shape-recovery process are minimized. However, when programming at T g E' a noticeable shoulder is appreciated in the final stage of the shape-recovery process. This suggests that the shape-recovery process slows down at some point, but it finally accelerates as the temperature increases. As mentioned above, programming at this temperature, and with such a high level of strain (e D = 75 %), may cause some damage to the material, resulting in low shape-memory performance and, in addition, changing the network relaxation dynamics. When programming at higher temperatures, lower strain levels are achieved, and this leads to the progressive disappearance of this shoulder. Some differences are also observed between 3thiol and 4thiol formulations. In 3thiol formulations, the onset of the shape-recovery process is accelerated when programming at T g and T g E' and the presence of this shoulder at the end is more evident. As explained previously, this may be due to the presence of a side ethyl chain in the 3thiol systems, which results in a less packed and unstable network structure after programming. This facilitates the beginning of the shape-recovery process [33] . However, differences vanish when programming at T g ? 20, indicating that differences in network structure become irrelevant at higher temperatures, from a qualitative point of view. Using the same methodology, Fig. 8 shows the effect of e D on samples programmed at T g E' . It can be observed that the shoulder mentioned above appears at a certain level of strain, while the maximum speed (the peak of the curve) progressively decreases as the strain level e D increases. This suggests that the shoulder is mainly related with the damage in the network structure caused by the strain hardening process at high levels of strain, while the decrease in the maximum speed (which eventually becomes in an overall lowering of the shape-recovery rate, see V r in Table 4 ) is mostly related to the increasing viscoelastic recovery time on increasing e D due to a change in the network relaxation dynamics. These results suggest that it is possible to use the high stress levels reached when programming at T E 0 g at a certain strain level (i.e. e D = 50 %) with no relevant damage in the sample and excellent shapememory performance: nearly 100 % of R r and equal or even higher V r in comparison with that obtained when programming at T g ? 20 . For example, programming the 3thiol-NEAT formulation at 47.5 % of strain (e D = 50 %) leads to around 10 MPa of stress, being both the stress and strain programmed values higher than those reached at T g ? 20 (in the 3thiol-NEAT formulation the strain and stress at break values are 37.8 % and around 4 MPa, respectively). This is of crucial importance for applications in which not only enhanced mechanical work is required, but also repeatability without damage is necessary (i.e. in actuators). In this respect, knowledge of the r-e programming curves of the shapememory materials enables a more complete prediction of the shape-recovery process and its performance than when only using common ratios (R r , R f and V r ). Through well-designed network structures and properly chosen programming conditions, it is possible to tailor the shape-recovery process as desired: on increasing the programming temperature (or otherwise decreasing the loading rate to allow chains relaxation) the r-e curves become flatter, the network structure is able to completely relax the changes induced while the loading process is taking place, minimizing the energy lost due to viscous friction and therefore changes in the network relaxation dynamics, as well as avoiding permanent and non-recoverable deformations in the sample. This leads to high R r values and more homogeneous shape-recovery processes, but low stress and strain levels are achieved. However, when working at low programming temperatures (in which network relaxation takes place during the loading stage), on increasing the strain level, the energy lost progressively increases due to viscous friction, and damage to the sample may occur, leading to non-recoverable strain (lowering the R r ) and modifying the overall path of the shape-recovery process. In conclusion, it is possible to efficiently optimize the programming conditions in order to adapt the operational design of the shape-memory material to the application requirements.
Conclusions
Materials with homogeneous and well-defined network structures were obtained by a thiol-epoxy ''click'' reaction catalyzed by latent initiators. From the uniaxial tensile experiments at different T prog , useful predictions of the shape-memory response are possible, not only in terms of common ratios (R r and R f ) but also of the entire shape-recovery process. The r-e curves give us relevant information concerning different stages of the shape-memory response. The high elastic modulus of these materials at the shapefixation temperature (T room ) highlights the good performance in fixing the temporary-shape (R f was almost 100 %). From the initial change in the slope in the r-e curves at the optimal mechanical point ( T g E' \ T g ), it can be deduced that network relaxation takes place during the loading process, leading to a loss of energy due to viscous friction of the chains. Moreover, at the end of the curves, an increase in the slope shows hardening and therefore damaging processes, which may cause permanent and non-recoverable deformations. The shape-memory experiments show that the network relaxation during programming does not modify the shape-recovery ratio (the sample is able to fully recover its original shape) at moderate strain levels, but decreases the shape-recovery rate V r . However, exceedingly high programming strain leads to damaging processes, and/or permanent deformations may take place, modifying the whole shape-recovery process and impeding the completion (i.e. low values of R r ). In contrast, when programming at higher temperatures (T prog ) T g ), the curves are flatter and no changes in the slope are appreciated. The chains are able to completely reorganize the changes induced during the loading process, and therefore no network relaxation and energy losses take place. Because of the lower strain level, no permanent or non-recoverable deformation occurs, leading to R r of nearly 100 % and homogeneous shaperecovery process regardless of the strain level. In addition, the network structure has a minor role at this temperature and there are no differences between formulations. Nevertheless, the major drawback is the low stress and strain values achieved at this temperature, which may be overcome by well-designed network structure architectures and by an appropriate choice of programming conditions at lower programming temperatures.
